ABSTRACT
INTRODUCTION
DCT [1] has been very popularly used in many image and video coding standards like JPEG, MPEG1, MPEG2, H.261 [2, 3] . But the computational complexity of the DCT is relatively very high which may not be preferred in several real time applications.
The discrete WHT [4, 5, 6, 18 ] is a orthogonal non sinusoidal transform which shows almost comparable performance in image compression applications when compared to DCT. The discrete WHT is popular for its very low computational complexity. The discrete WHT is considered as the best option whenever there is a compromise between the energy compaction capability and computational complexity. However till now, no study has been reported in the literature, on the distribution of discrete WHT coefficients of the natural images. In contrast, there is a huge amount of studies reported in the literature dealing with the distributions of 2D DCT coefficients of natural images [7, 8, 9, 10] .
In [7] , considering Gaussian, Laplacian, Gamma and Rayleigh distributions as probable models, Reininger and Gibson used Kolomogrov-Smirnov (KS) test and shown that DC coefficients can be well approximated by Gaussian distribution and AC coefficients can be well approximated by Laplacian distribution. In [8] , the authors concluded that no particular density function can be used for each of the coefficients but Laplacian fits majority of the coefficients and when all the coefficients are lumped into one density function, the Cauchy distribution provides the best fit. In [9] , Muller found that the Generalized Gaussian distribution best approximates the statistics of the 2D DCT coefficients. Smoot and Reeve [19] study the statistics of the DCT coefficients of the differential signal obtained after motion estimation. They observe that the statistics are best approximated by the Laplacian distribution.
In this paper, considering Gaussian, Laplacian, Gamma, Generalized Gaussian and Cauchy distributions as probable models [11, 12] , we study the statistical distribution using 2 χ Goodness of Fit test [13] . The model distribution that gives the minimum 2 χ statistic is chosen as the best fit. The 2 χ test of fit showed that Generalized Gaussian distribution best models the statistics of discrete WHT coefficients of natural images. These results can be used to design optimal quantizers for discrete WHT coefficients. The organization of the paper is as follows. Section 2 provides the introduction to discrete WHT. 
DISCRETE WALSH HADAMARD TRANSFORM
The basis functions of discrete WHT [4] are not sinusoids unlike Fourier and Cosine transforms. 
3.

χ GOODNESS OF FIT TEST
2 χ and KS test [13] are the widely used goodness of fit test. The KS goodness of fit test statistic is a distance measure between the empirical cumulative distribution function (CDF) for a given data set and the given model cumulative distribution function. In contrast to the KS test, the 2 χ goodness of fit test compares the model probability density functions with the empirical data and finds out the distortion by the following equation χ test is preferred over the KS test because for source coding the deviation from an assumed probability density function is more interesting than deviation from a distribution function [9] .
PROBABILITY DISTRIBUTIONS
We use 2 χ goodness of fit tests considering Gaussian, Laplacian, Gamma, Cauchy and Generalized Gaussian distributions [11, 12] as probable models as these distributions are commonly used for statistical modeling of DCT coefficients. The parameters of the distributions were found using the maximum likelihood (ML) method.
Gaussian Probability Density Function
The Gaussian probability density function is given by
where µ is the mean and 2 σ is the variance. The ML estimates of µ and 
Laplacian Probability Density Function
The Laplacian probability density function is given by
where µ is the mean and a is the scale parameter. The variance is given by 2 2a . The ML estimate of the parameter a is given by
where µ is estimated using (4).
Gamma Probability Density Function
The Gamma probability density function is given by [14] 
The parameters µ and σ are estimated using (4) and (5) respectively.
Generalized Gaussian Probability Density Function
The Generalized Gaussian probability density function [11, 12, 15] is given by
where ( ) .
Γ is the Gamma function given by ( ) The ML estimate ofα (for known ML estimate β ) is given by
where N is number of observations.
The β is determined using the Newton Raphson iterative procedure with the initial guess from the moment based method described in [16] .
Cauchy Probability Density Function
The Cauchy probability density function [11, 12, 17] is given by ( )
where 0 x is the location parameter and γ is the scale parameter. 
The logarithm of the likelihood is given by 2 0 1 log log log log 1
Maximizing the log likelihood function with respect to 0 y and γ gives:
We use Newton Raphson iterative procedure to solve (15) and (16) for 0 x and γ . The median is used as an initial value for 0 x as described in [17] .
EXPERIMENTAL RESULTS
The 2 χ goodness of fit performance was evaluated using discrete WHT coefficients (8x8 block size) for fifteen natural test images having different characteristics but here we report only for popular Lena, Barbara, Aerial, House, Boats and Mandrill image. The parameters of all distributions were found using maximum likelihood method. The model distribution which provides the minimum 2 χ statistic is considered to be the best fit under the 2 χ criterion. The nine AC coefficients 10 C , 11 C , 01 C , 20 C , 02 C , 12 C , 21 C , 03 C and 30 C used in the experiments were chosen because they usually have the most effect on the image quality. General Gaussian distribution for most of the tested coefficients of all the images. Fig. 1 shows the empirical pdf of the discrete WHT coefficients along with the fitted Gaussian, Laplacian, Gamma, Generalized Gaussian and Cauchy pdfs. From Fig. 1 as well as from the values of the 2 χ statistic, it is clear that the Generalized Gaussian distribution provides a better fit to the empirical distribution then that achieved by the Gaussian, Laplacian, Gamma and Cauchy pdfs.
CONCLUSION
In this paper, we perform the 2 χ goodness of fit tests to determine an appropriate statistical distribution that best models the discrete WHT coefficients of images. The simulation results indicate that no single distribution can be used to model the distributions of all AC coefficients for all natural images. However the distribution of a majority of the significant AC coefficients can be approximated by the Generalized Gaussian distribution. The knowledge of the statistical distribution of transform coefficients is very important in the design of optimal quantizer that may lead to minimum distortion and hence achieve optimal coding efficiency. Gaussian and Cauchy pdfs fitted to this histogram in log domain
